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ABSTRACT Eukaryotic repair of double-strand DNA
breaks can occur either by homologous recombination or by
nonhomologous DNA end joining (NHEJ). NHEJ] relies on
Ku70/86, XRCC4, DNA ligase IV, and DNA-dependent protein
kinase. NHE] involves a synapsis step in which the two ends are
maintained in proximity, processing steps in which nucleases
and polymerases act on the ends, an alignment step in which a
few nucleotides of terminal homology guide the ends into pre-
ferred alignments, and a ligation step. Some of the steps, such as
ligation, rely on a single enzymatic component. However, the
processing steps begin and end with a wide array of alternative
substrates and products, respectively, and likely involve multiple
nucleases and polymerases. Given the alternative pathways that
can be catalyzed by the remaining nucleases and polymerases, no
one of these processing enzymes is likely to be essential. The only
requirement for the processing enzymes, as a collective, is to
generate a ligatable configuration, namely a ligatable nick on
each strand. Here, we have tested the two major known 5'-specific
nucleases of Saccharomyces cerevisiae for involvement in NHE].
Whereas EXO1 does not appear to be involved to any detectable
level, deleting RAD27 (FEN-1 of yeast) leads to a 4.4-fold
reduction specifically of those NHE] events predicted to proceed
by means of 5’ flap intermediates. Because Rad27/FEN-1 acts
specifically at 5’ flap structures, these results suggest that the
NHE] alignment step precedes nucleolytic processing steps in a
significant fraction of NHEJ events.

Double-strand DNA breaks are repaired by either homologous
recombination or nonhomologous DNA end joining (NHEJ).
NHE]J is the major pathway in multicellular eukaryotes, partic-
ularly during Gy, Gy, and early S phase of the cell cycle (1). NHEJ
may be among the most complex forms of DNA repair because
the two free DNA ends must be constrained to prevent diffusion
away from each other, and yet the ends must be accessible to
nucleases and polymerases before ligation typically can proceed.

DNA ligase IV is the enzyme responsible for the final step of
NHE] in yeast (2-4) and human cells (5), and it exists in a
complex with XRCC4 (6, 7). The substrate for the XRCC4/DNA
ligase I'V complex appears to be two ligatable nicks, either in a
blunt or a staggered configuration (2, 6), and DNA ligase I is
unable to substitute for it (5, 8).

Though the enzyme for the final step in NHEJ has now been
determined, the proteins and nucleic acid steps for the earlier
phases of NHE]J are not as fully defined. The initial steps of NHEJ
appear to involve the Ku70/86 heterodimer (Ku70 is HDF1 in
Saccharomyces cerevisiae). In multicellular eukaryotes, DNA-
dependent protein kinase can bind to DNA ends (9) and is the
only protein kinase thus far identified that requires free DNA
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ends as an essential cofactor for phosphorylation of protein
targets (10, 11). The physiologic protein phosphorylation targets
of DNA-PK are not yet identified (12). The precise mechanics of
Ku and DNA-PK at the DNA ends are still under study, but
possibilities include bringing the two DNA ends together, recruit-
ing other repair components, remodeling the local chromatin, or
halting the cell cycle until the double-strand breaks are repaired.
DNA-PK has no known enzymatic action directed at the DNA
itself. Though one laboratory reports weak helicase activity by Ku
when acting on substrates with overhangs longer than 84 nt (13),
the overhangs in NHEJ appear to be only a few nucleotides (14).

Between the first steps and the final ligation step, the two
broken DNA ends must be altered to achieve the ligatable form.
These alterations require nucleases to remove excess DNA and
polymerases to fill any gaps. The nucleases and polymerases for
this processing phase have not yet been identified. Genetic and
biochemical methods must be used to identify these components.
Genetic identification of components has the advantage of oc-
curring under relatively physiologic conditions.

In considering genetic strategies for identification of such
nucleases and polymerases, it is critical to note the fundamental
difference between the processing step and the synapsis or
ligation steps. First, for steps like ligation, there appears to be only
one ligase. This may not be surprising given that the substrate is
singular in its structure. Hence, genetic knockout of DNA ligase
IV essentially ablates DNA end joining. In marked contrast,
processing of the DNA ends at double-strand breaks is intrinsi-
cally diverse. For the simplest double-strand DNA break, both
DNA strands are broken to create two blunt ends with 5’
phosphate configurations. This blunt-end configuration would
require no nucleases or polymerases before ligation. However,
breaks caused by physiologic pathways, like variable (diversity)
joining segment recombination and class switch recombination,
or pathologic breaks caused by ionizing radiation or oxidative free
radicals generate a diverse set of biochemical DNA end config-
urations. For pathologic damage, the array of events is not simply
determined by which nucleotide and overhang is generated for
each end, but also by whether there is a 5" phosphate or hydroxyl
group, whether there is damage to the deoxyribose sugar, whether
there is damage to the base, and whether there are intrastrand
crosslinks (15). This array of outcomes can proceed to a ligatable
form through many different alternatives. Many of the joining
events proceed in a manner that indicates that one to four
nucleotide stretches of adventitious homology align the two ends
(14). This may occur as the two ends undergo breathing (transient
melting) while they are held in proximity by proteins in the
synapsis step. Some pairs of DNA ends align at these short
stretches of adventitious homology close to the DNA terminus

This paper was submitted directly (Track II) to the Proceedings office.

Abbreviations: NHEJ, nonhomologous DNA end joining; EXOI,
exonuclease I.

#To whom reprint requests should be addressed. e-mail: lieber m@
froggy.hsc.usc.edu.



1304 Biochemistry: Wu et al.

and others align farther in, but typically no more than 5 to 10 bp
internally. Once such regions of microhomology anneal, there
typically would be excess DNA beyond the point of annealing
(either 5’ or 3’ overhangs), which must be removed either
endonucleolytically as flaps or, perhaps, exonucleolytically. In
addition, gaps exist that must be filled in.

The nature and number of different pathways is determined
not only by the nucleic acid chemistry, but also by the enzymes
able to act at the DNA ends. It is not yet clear how many nucleases
and polymerases participate in this process. However, one point
is critical to note. The genetic knockout of any one of the
processing components has no possibility of blocking all NHEJ,
because the ends can be joined in many different ways. As
mentioned, blunt-end configurations conceivably would not re-
quire any nucleases or polymerases. However, for the full range
of other combinations of two DNA ends to be joined together, at
a minimum one can expect at least two nucleases to be used, one
to cleave 5" overhangs or flaps and one for 3’ ones. Regarding
polymerases, we have preliminary indications that polymerase 3
can clearly account for some, but not all, gap fill-in synthesis
(T.E.W. and M.R.L., unpublished work). Hence, there appear to
be at least two polymerases. Given the minimal involvement of
two polymerases and two nucleases, theoretically there are al-
ready a very large number of possible combinations for the order
and number of the four enzymes that could contribute to the
joining of two DNA ends. Knockout of any one of these four
enzymes eliminates at most only one-fourth of these numerous
pathways. Therefore, the genetic effect expected from the knock-
out of processing components like polymerases or nucleases is
certain to be small and much less dramatic than that seen by us
and others for the knockout of single enzymatic steps in NHEJ,
such as the DNA ligase IV knockout in S. cerevisiae (2-4) or in
mammalian cells (5, 8).

Concerning nucleases, as mentioned, one can anticipate roles
for nucleases that deal with excess 5" as well as 3" DNA. The 5'-3’
exonuclease activities that have been identified in nuclear extracts
of S. cerevisiae are exonuclease I (EXOI), SEP1 and RAD27
(FEN-1). EXOI has been shown to be biochemically nonproces-
sive and acts preferentially on double-stranded DNA ina 5’ to 3’
direction on each strand (17). EXOI is the major 5’ nuclease in
S. cerevisiae. SEPI, also called XRNI1, catalyzes DNA strand
exchange in vitro and has a potent 5',3’-exoribonuclease. Though
it has a weak exonuclease activity (19), it appears to have a major
role in RNA metabolism (20).

FEN-1 (RAD27) acts as an endonuclease on branched DNA
structures (also called flap structures) of any length, even those
as short as one nucleotide (21). These types of DNA intermedi-
ates exist during DNA replication (22, 23), but they also may exist
during DNA end-joining reactions. Interestingly, the double
mutant for rad27 and exol is nonviable (18). FEN-1 and EXOI
are both members of the FEN-1 family of nucleases, based on
homology alignment (17). [Two ORFs (DIN7 and YER041W)
that encode proteins with some homology to FEN-1 have not yet
been demonstrated to have enzymatic activity, and these have not
been examined here (17).]

In this study, we do a targeted deletion of RAD27 and EXOI
independently and examine the effects on processing excess 5’
DNA at the junction of two incompatible DNA ends. In the rad27
mutant, there is a 4.4-fold reduction in the use of pathways that
would require removal of two nucleotide 5’ flaps. In the exol
mutant, there is no effect. Complementation of the rad27 mutant
with an expression vector for RAD27 restores usage of the flap
pathway back to normal. These studies suggest a role for FEN-1
(Rad27) in NHEJ, and such a role indicates the order of annealing
and processing steps in these cases.

MATERIALS AND METHODS

Reagents. Components for yeast media were from United
States Biochemical. Chemical reagents were from Sigma. Re-
striction endonucleases and DNA modifying enzymes were from
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NEB (Beverly, MA). Oligonucleotides were made by Operon
Technologies (Alameda, CA). Reagents for Pwo-PCR were
purchased from Boehringer Mannheim.

Yeast Strains and Genetic Methods. Complete deletions of
RAD27 and EXOI were performed as follows. rad27 and exol
strains were made in YW112 by replacement of the chromo-
somal RAD27 sequence or EXOI with the HIS3 gene, fol-
lowed by PCR verification (24). For the RAD27 deletion, the
primers Rad27-1 and Rad27-a were used to generate the HIS3
gene products tailed with 45 nucleotides that are homologous
to either the 5" or 3’ end of RAD27. Primers Rad27-2 and
His-376 were used to verify that the RAD27 genomic sequence
was deleted by the HIS3 gene. To make the EXOI deletion
mutant, the primers Exol-1, Exol-a, Exol-2, and His-376 were
used. The sequences for all these primers are as follows.
Rad27-1 GCATACA TTGGAAAGAAATAGGAAACGG-
ACACCGGAAGAAAAAATGGCCTCCTCTAGTACAC-
TC. Rad27-a TGCCAAGGTGAAGGACCAAAAGAAGA-
AAGTGGAAAAAGAACCCCCGCGCGCCTCGTTCAG-
AATG. Rad27-2 ATAGGAAACGCGACGCGTAAC.
Exol-1 ATTAAAATAAAAGGAGCTCGTAAAAACTG-
AAAGGCGTAGAAAGGAGGCCTCCTCTAGTACAC-
TC. Exol-a ATTTGAAAAATATACCTCCGATATGAAA-
CGTGCAGTACTTAA CTTGCGCGCCTCGTTCAGAA-
TG. Exol-2 TTGCGTGATTGATAGAAGGCA. His-376
GCCTCATCCAAAGGCGC. All yeast strains are haploid and
derived from the parent strain YW112, itself a derivative of
YW104 (also known as YPH499). YW112: genotype MATa,
ura3-52, trplA —63, his3A —200, leu2A -1, lys2-801,
ade2A:TRPI1. Yeast medium was either YPAD (1% yeast ex-
tract/2% peptone/2% glucose/40 pg/ml adenine) or minimal
medium (1.7 g/l yeast nitrogen base/5 g/l ammonium sulfate)
supplemented with the appropriate “CSM” nutrient dropout mix
(BIO101, adenine concentration is 10 ug/ml) and carbon source
(2% glucose or 2% raffinose plus 2% galactose). The adenine
concentration was increased to 40 pg/ml for liquid culture in
minimal medium. Yeasts were grown at 30°C for all experiments.

The disruption of the RAD27 gene results in several pheno-
types that are well established, including a growth defect (25).
Growth is very slow at 37°C and is reduced at 30°C. The
temperature-sensitive lethality was almost fully complemented by
transformation of the mutant with a plasmid carrying Myc-tagged
RAD?27, but not by the plasmid vector alone (data not shown).

Construction of Plasmids. pBX2 substrate is a derivative of
pES16, which was described previously (2). Two PCR products
were simultaneously ligated into pES16 digested with Notl and
Bglll. The upstream PCR products were made with a forward
primer that annealed to the beginning of the ADE2 promoter and
was tailed with a Notl site (A2ZNF: GAGGCGGCCGCGGAT-
TCATGCTTATGGGTTAG) and with reverse primers that
spanned the start codon of the ADE?2 gene and were tailed with
a BamHI site (BX2-a TACGGATCCATCCATACTTGATT-
GTTTTGTCCG). Downstream PCR products were made by
using the forward primer BX2-1 (CTAGGATCCATAGACCT-
CGAGAATCTAGAACAGTTGGTATATTAGG) and the re-
verse primer A2-1800-R (CCGTTAACAGATCTCACAATC).
The primer BX2-1 anneals just after the start codon of the ADE?2
gene and contains both BamHI and Xhol sites with a two-
nucleotide addition to shift the ORF of ADE2 gene. The primer
A2-1880-R spans the Bg/II site in the ADE2 gene.

The Rad27 expression plasmid was derived from the LEU2/2
HARS plasmid, pCWX200, which contains the tetracycline re-
pressor coding sequence under the control of the ADHI pro-
moter (26). To generate the His-Myc-tagged Rad27 fusion pro-
tein, first the tetracycline repressor coding sequence was replaced
by a HindllI-BamHI PCR fragment encoding a Hiso—Mycs
epitope tag. The Rad27 PCR fragment was made by using
Bglll-tailed primer Rad27-5 and Sall-tailed primer Rad27-c. This
fragment was then ligated into the above construct after digestion
with BamHI-Sall enzymes, which are immediately downstream
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of Hise—Mycs sequence. The sequences for both Rad27-5 and
Rad27-c are as follows. Rad27 —5: GGAAGATCTTGGGTAT-
TAAAGGTTTGAATGCA and Rad27-c: CCGCTCGAGT-
CATCTTCTTCCCTTTGTGACTT.

Western Blot Analysis. The rad27 strain was transformed with
either a control plasmid or the plasmid expressing a Myc fusion
protein from the strong constitutive ADH1 promoter. The log-
phase culture was harvested, and the cells were lysed in lysis
buffer by using glass beads in the presence of 1 mM phenylmeth-
ylsulfonyl fluoride/2 ug/ml aprotinin/1 pg/ml pepstatin A/0.5
peg/ml of leupeptin. Whole-cell extracts were made according to
procedures described previously (27). Anti-Myc Western blot
analysis of N-terminal-tagged RAD27 was performed by using
chemiluminescence.

Plasmid Transformation Assay. The substrate pBX2 was pre-
pared by overdigestion with either BamHI or BamHI-Xhol,
followed by phenol/chloroform extraction and ethanol precipi-
tation. To determine whether the plasmids were completely
digested, the digested substrates were examined by ethidium
bromide staining after agarose gel electrophoresis. The YW112,
rad27, exol, hdfl, and dnl4 yeast strains or the complemented
rad27 strain were transformed by using the lithium acetate
procedure described previously (28). In brief, the yeasts were
grown from multiple colonies to saturation overnight in the
appropriate medium, diluted 10-fold into a total volume of 10 ml
YPAD, and allowed to grow to log phase (ODgn 0.6—0.9). Two
milliliters of culture were harvested, washed with water or 0.1 M
lithium acetate, and then resuspended in a mixture of lithium

pBX2 8.5kb

| Ade2 ——
BamHI Xhol w
| puan BN sname |
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acetate, polyethylene glycol 3350, substrate DNA, and 250 ug of
single-stranded salmon sperm carrier DNA. After incubation at
30°C for 30 minutes, the cells were heat shocked at 42°C for 15
minutes, followed by washing, resuspending in H,O, and plating
on the appropriate selective medium at 30°C. Replicate experi-
ments used different mutant isolates. The substrate DNA, pBX2
was transformed in either supercoiled or linearized form (after
being cut with the designated restriction enzymes).

RESULTS AND DISCUSSION

Experimental Strategy. To study 5’ nucleases in NHEJ (29,
30), we developed an assay in which restriction enzyme-linearized
plasmids are introduced into yeast and rejoined intracellularly,
specifically by generating breaks in an ADE?2 gene carried on a
URA3-selectable centromeric plasmid named pBX2. The plasmid
was constructed such that BamHI and Xhol sites are inserted
immediately downstream of the ATG of the ADE?2 gene (Fig. 1).
To prevent plasmid-borne ADE?2 from being repaired by homol-
ogous recombination with the chromosome, the chromosomal
ADE? gene has been deleted in the parent yeast strain, YW112.
Both rad27 and exol mutant strains were made by the complete
deletion of RAD27 or EXOI ORFs by using the HIS3 gene by
standard gene inactivation procedures in the YW112 background.
Supercoiled, BamHI single-cut, or BamHI-Xhol double-cut
pBX2 plasmid were transformed into the wild-type yeast (strain
YW112), the rad27 mutant (18), the exol mutant (17), or a strain
in which the rad27 mutant is complemented with overexpression
of an N-terminal Myc-tagged Rad27 protein.

ade2

F1G. 1. Substrate structure and possible recircular-

ization products. pBX2 is a centromeric plasmid with a

URA3 selectable marker and carries the ADE?2 gene as

a reporter. It is derived from pES16. To destroy the

Xhol site in the polylinker, pES16 was digested with

Sall-Xhol and recircularized. Two PCR fragments

(Notl-Xhol and Xhol-BglIl) were ligated between the

Bglll site of the ADE2 gene and the Norl site in the

polylinker, resulting in the junction sequence as shown.

The addition of two AA nucleotides shifts the ADE2

gene ORF (shown by two arrows). BamHI-Xhol-

linearized pBX2 with the indicated 5'-overhanging

Color ends was transformed into yeast. The two ends are
joined intracellularly to produce different types of end

— atg gat g tcga gaa tct aga aca —
— tac cta ¢ ctag ctt aga tct tgt —
annealing
processing
ligation
Type . ORF
\c
N\
1) 2 base flap atg gat gga gaa tct aga .
tac cta cct ctt aga tct n
Na
N\
g
2) Blunted atg gat gga tct cga gaa tct aga .
tac cta cct aga gct ctt aga tct n
3) 2 base gap atg gat gga tcg aga atc tag a
tac cta cct agc tct tag atc t out
4) Miscellaneous out>in

5) Uncut, or single-cut and religated

atg gat gga tcc ata gac ctc gag aat cta gaaca out

tac cta cct agg tat ctg gag ctc tta gat cttgt

joints (lower portion of figure). A flap structure is
formed by first annealing CT to GA, followed by flap
cleavage. A blunted structure is the result of four-
nucleotide fill-in synthesis on each end (fill-in nucleo-
tides shown in bold). A gap structure is produced by
first annealing AG to TC, then fill-in synthesis of the
gap on each side (bold nucleotides). Miscellaneous
products are made by trimming each end to varying
extents, followed by apparent blunt ligation. The flap,
blunted, and some of the miscellaneous products yield
an ORF of the ADE2 gene to yield white colonies
(ADE2 yeast). The gap and most miscellaneous prod-
ucts, as well as the starting plasmid, do not generate an
ORF of the ADE2 gene; hence, they generate red
colonies (ade2 yeast). A small fraction of the plasmid
was uncut or was cut by only one of the two restriction
red enzymes (BamHI or Xhol), and these yield red colonies

with the sequence shown at the bottom of the figure.

white

white

red

red>white
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Table 1. Transformation efficiency and number of white and total colonies in yeast strains
Transformants/microgram of DNA White/total, %
Strains Supercoiled X 10* BamHI X 103 BamHI-Xhol Supercoiled BamHI BamHI-Xhol

YW112 24 x031 4.6 =0.59 676 = 88 0 1.8 234
(19%) (2.8%)

rad27 0.22 = 0.35 0.38 = 0.05 61 = 14 0 2.1 14.8
(17%) (27%)

rad27 complemented 1.7+ 0.27 33x031 391 =43 0 2.8 214
(19%) (2.3%)

exol 35x051 3.3 +£048 505 = 39 0 0.6 27.7
(9.4%) (1.4%)

hdf1l 1.75 £ 0.15 0.31 = 0.015 60 =7 0 0 0
(1.8%) (0.34%)

dnl4 2.53 = 0.05 0.31 *0.02 62.5*25 0 0 0
(1.2%) (0.25%)

Yeast cells were grown to log phase and transformed with supercoiled BamHI or BamHI-Xhol double-cut linearized pBX2 by lithium acetate
transformation, with addition of single-strand salmon sperm DNA as a carrier. The transformation efficiency numbers in parentheses are simply
relative to the supercoiled efficiency. Wild-type (YW112), rad27 (mutant), exol (mutant), hdfl (mutant), and dnl4 (mutant) strains were plated
to minimal medium lacking uracil. The overexpression strain harboring expressing plasmid and the substrate was plated onto minimal medium
lacking both uracil and leucine. For the purpose of normalization, a parallel transformation was done with supercoiled pBX2. Results are averaged
from three independent experiments; each replicate experiment uses different mutant isolates (see Methods). The total transformants after BarmHI
or BamHI-Xhol in the hdfl and dnl4 mutants are derived from uncut plasmids.

To examine flap end joining formation specifically, the strategy
of reading frame shifting of the ADE?2 gene was used. The two
incompatible ends generated by double-digestion with BamHI
and Xhol are recircularized by S. cerevisiae to recreate either an
ADE?2 or ade2 genotype, which corresponds to white or red
phenotypes of yeast, respectively. Specifically, a symmetrical
two-base flap (i.e., two-base deletion on each 5’ end) regenerates
ADE2 (T.E.W. and M.R.L., unpublished work) and produces
white colonies, in contrast to uncut plasmids and those joined by
means of the dominant two-base gap intermediate (Fig. 1).

Table 1 shows the transformation efficiency and ratio of white
vs. total colonies using supercoiled, BamHI single-digested, and
BamHI-Xhol double-digested pBX2 substrates among the wild-
type, rad27 mutant, complemented rad27, exol, hdfl, and dnl4
strains. There was a reduction in overall transformability of rad27
yeast relative to the YW112 strain for both cut and uncut plasmids
(approximately 10-fold). Reduced transformability is not uncom-
mon among nucleic acid metabolism mutants and is of uncertain
cause. This reduced transformability was complemented to the
level of wild type by overexpression of Myc epitope-tagged Rad27
from an episomal plasmid. It is important to note that when

Table 2. Distribution of end joining types in yeast strains

results were normalized to the supercoiled efficiency, all strains
had the same relative rate of transformation by the BamHI- and
BamHI-Xhol-cut substrates. This indicates that the rad27 and
exol mutant strains have no general quantitative defect in joining
either compatible or incompatible substrates. Further, the ratio of
white to total colonies was not significantly different among the
four strains transformed with each substrate, but, as expected, was
the greatest for the BamHI-Xhol-cut plasmid because of the
increased potential for flap and blunted joints. To verify that
these joints are indeed genuine events in the NHEJ pathway, dnl4
(DNA ligase IV) and hdfl (Ku70) mutants were tested with
BamHI-Xhol-cut pBX2. As expected, the ratio of white vs. total
colonies dropped to zero in both strains, which indicates that the
flap and blunted joints are completely abolished in the presence
of a generalized NHEJ deficiency (Table 1 and ref. 2).

Marked Reduction Specifically in NHE]J Events Proceeding by
the Flap Pathway in the rad27 Mutant. To characterize the
spectrum of end joining in these strains, plasmids were recovered
from white colonies transformed with BamHI-Xhol-cut pBX2,
sequenced, and analyzed. We found that in the wild-type strain,
joining by the flap pathway (two-base deletion on each 5" end)

No End joining
Strains sequenced Flap (%) Blunt (%) Miscellaneous (%) P value*
YW112 40 24 (60) 5(125) 11 (27.5) NA
rad27 40 9(22.5) 13 (32.5) 18 (45) 0.0024
rad 27 complemented 34 18 (52.9) 5(14.7) 11 (32.4) 0.830
exol 31 20 (64.5) 3(9.7) 8(25.8) 0.905

The strains from YW112, rad27, rad27 complemented with RAD27 plasmid, and exol strains were transformed with
BamHI-Xhol double-digested pBX2 substrate. For YW112, exol, and rad27, plated to minimal medium lacking uracil and
containing 10 pg/ml adenine. The overexpression strain pretransformed with the expression plasmid was plated on minimal
medium lacking both uracil and leucine and containing 10 wg/ml adenine after being retransformed with substrate. To
efficiently recover the low-copy ura3 plasmid from the overexpression strain, the high-copy LEU2 plasmid was first segregated
out by consecutively streaking yeast on minimal medium lacking uracil. All ura3-plasmids were recovered from white colonies
for each strain and sequenced. The percentage of events proceeding by the flap configuration defined in Fig. 1 is shown in
bold.

The appropriate comparison between the wild-type and mutant strains is for the formation rate of a particular type of joint
in the different strains. This formation rate can be calculated by multiplying the normalized rate of formation of the appropriate
colony color by the percentage of those colonies that contain the joint of interest. Thus, the flap joint rate for YW112is 0.028 X
0.234 X 0.60 = 0.0039, which is the product of the BamHI-Xhol transformation efficiency from Table 1 times the percentage
of white to total colonies in the last column of Table 1 times the percentage of flap joints (bold). The flap joint rate for rad27
is 0.027 X 0.148 X 0.225 = 0.00090. The ratio of these two rates is 4.4; hence, the rad27 strain has a >4-fold reduction in the
rate of flap joining.

*P values are the y? probability obtained from the 2 X 3 table of strain vs. joint type, each in comparison to YW112. The P
value of the 4 X 3 table of strain vs. joint type is 0.007, increasing to 0.913 for the 3 X 3 table that excludes the rad27 strain.
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Distribution of nucleotide loss at the two ends

F1G6. 2.  Comparison of nucleotide loss from the miscellaneous cate-
gory of products in YW112, rad27, and the complemented strain. A
histogram is shown for double-strand break junctional sequences, show-
ing the number of ends along the y axis and the number of nucleotides lost
on the x axis. N is the total number of ends scored for each histogram.
When the precise number of nucleotides lost from an end was ambiguous
because of microhomology use at the junction, the nucleotide loss from
each end was calculated as half of the nucleotides lost from the junction;
then, the loss was evenly distributed among all potential positions within
each end.

was responsible for 60% of the white colonies, which is compa-
rable to that in the exol mutant strain (64.5%) (Table 2). This
clearly shows that inactivation of EXO1I does not affect the rate
of the flap pathway even though, biochemically, Exol has been
demonstrated to be the major 5'-3" exonucleolytic activity in
yeast extracts (17). In contrast, we find that contribution by the
flap pathway is significantly decreased in a strain bearing a
deletion of RAD27 (reduced from 60% to 22.5%). This represents
a 4.4-fold reduction in the flap joint rate when corrected for the
transformation efficiency (see calculation in Table 2 legend).
However, RAD27 expression from a plasmid restores the protein
(by Western blot, not shown) and, importantly, the normal joint
pattern (Table 2).

Mutation of RAD27 does not generally affect other types of
NHE]J events that do not rely on the flap pathway. First, mutation
of RAD27 does not reduce the rate of joining of compatible 5’
overhangs (Table 1). Second, mutation of RAD27 does not affect
the rate of BamHI-Xhol joints characterized either by four-base
fill-in synthesis (blunted joints) or by varying extents of exonu-
cleolytic degradation followed by blunt-end ligation (so-called
“miscellaneous” joints, Table 2). The preservation of blunted and
miscellaneous joints is evident as an increase in their relative
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FiG. 3. Models for nonhomologous DNA end joining involving
FEN-1 (RAD27). (4) Double-strand DNA breaks can have 5’ or 3’
overhangs or can be blunt. The two ends must be brought together into
synapsis. This provides an opportunity for microhomology search of one
DNA end by the other, resulting in end alignment. If 5" flaps are
generated by this alignment, then FEN-1 (called RAD27 in S. cerevisiae)
is the predominant nuclease to remove the flaps (open arrows), as part
of the end processing in preparation for ligation by DNA ligase IV. (B)
Same as in A, except as follows. The nucleolytic removal of nucleotides
from overhangs occurs by exonucleases in a nonprocessive (one at a time)
fashion. A subset of these end-processing events happen to anneal,
resulting in alignment, followed by ligation. A nonprocessive removal of
one nucleotide at a time from each end would generate a diversity of
outcomes, each with a small percentage contribution to the diverse array
of possible products. This is not consistent with the 60% flap usage seen
in Table 2. Moreover, such a pathway would not be affected by deletion
of RAD27 because the FEN-1 nuclease, including RAD27 in S. cerevisiae,
is not active on single-stranded 5’ ends or blunt ends (21, 31, 32).

contribution to the white colonies obtained in the rad27 mutant.
Further, we find that mutation of RAD27 does not affect the
quality of the miscellaneous joints (Fig. 2). Specifically, the
distribution of exonucleolytic chewback was very similar for both
DNA ends, regardless of whether RAD27 was wild type, mutant,
or complemented. Thus, the rad27 effect is specific to the deletion
pathway (flap), indicating that Rad27 protein acts at a subset of
NHEJ events that require processing of 5’ flaps, in a manner
independent of the exonucleolytic processing that can also occur
during NHEJ (Fig. 2). As shown in Table 2, there is some level
of potential flap joints (22.5%) in the complete absence of Rad27
activity. These are presumably contributed by other unidentified
5’ nucleases in yeast, and it is uncertain whether these residual
joints proceed by means of a flap or nonflap intermediate.
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Order of Alignment and Processing Steps in NHEJ. The order
of events in NHEJ will vary depending on the configuration of the
DNA ends. Compatible ends can be, and usually are, also joined
without any need for nucleases or polymerases. However, patho-
logic breaks will typically not generate compatible or blunt
configurations. In these cases, synapsis, processing, terminal
homology alignment, and ligation must occur. The specifics of
each end combination will dictate the number of possible enzy-
matic activities that may participate, and this will dictate the
number of pathways. The greater the number of enzymes in-
volved, the greater the number of possible pathways, and the
smaller the effect of removing any one of those pathways or
removing any one component needed for that pathway. For this
reason, we were fortunate to find a combination of DNA ends
that allowed us to demonstrate a quantitative reliance on the 5’
flap endonuclease Rad27, indicating its involvement in NHEJ.
This analysis is specific for 5’ flap configurations. The other 5’
nuclease, Exol, was not involved. Further, the absence of Rad27
protein in no way affects nucleic acid metabolism in a way that is
manifest in the nucleotide loss from the miscellaneous subset of
NHE]J events (Fig. 2).

A limitation of studying certain processing events, such as end
filling, is that one cannot know whether processing has occurred
before or after end alignment. In contrast, Rad27 and its mam-
malian counterpart, FEN-1, do not act on free 5" overhangs or
blunt ends (21, 31-33). Hence, for those NHEJ events using
Rad27, the order of events must be such that DNA end alignment
occurs as a discrete step before the action of the 5" flap nuclease.

Involvement of RAD27 (FEN-1) permits us to know the order
of events throughout the process (Fig. 3). The predilection of the
two-base flap pathway (Table 2) suggests that this particular
terminal homology alignment may be more stable, thereby es-
tablishing a transient flap configuration (Fig. 34). Once the flaps
are clipped, other possible pathway options are limited, thus
contributing to the predilection for products derived from this
pathway. While it is clear that our results regarding two-base flap
joints are not necessarily applicable to all joint types, we think it
is likely that NHEJ does generally proceed according to a model
in which end annealing precedes end processing. Thus, the
sequence of events during NHEJ would first entail end recogni-
tion and stabilization, presumably involving Ku and, perhaps, the
SIR proteins (24, 34). Next, the joining machinery would search
for end complementarity to provide a metastable alignment for
the subsequent processing steps; this alignment would presum-
ably have to be stabilized by proteins, probably the same ones as
in the earlier steps. The fact that blunt ends join inefficiently is
consistent with the notion that this is a critical step in the joining
process. Once the ends are synapsed and annealed, end process-
ing would proceed by recruitment of the relevant enzymes as
needed to the active complex. The basis of this recruitment is
unknown but of great interest. The data presented here indicate
that Rad27 shares features that promote recruitment. The last
processing event is strand ligation by XRCC4 and DNA ligase I'V,
which results in the final resolution of the break (2).

Concluding Remarks. Though our experiments are directed at
5’ flaps, they do not address how 3’ flap structures are resolved
in cells. Recent genetic work indicates that the Radl/Radl10
endonuclease, DNA polymerase 8, the helicase Srs2, and the
mismatch repair proteins Msh2 and Msh3 are involved in dealing
with such structures when encountered during homologous repair
of double-strand DNA breaks (29, 35, 36). Recent biochemical
work indicates that Mrell can function as a 3’ to 5’ exonuclease
on double-stranded DNA (37).

FEN-1 (RAD27 in S. cerevisiae) appears to function in excision
repair (38) and in DNA replication (22). The studies here indicate
that FEN-1 also functions in double-strand break repair. Because
of its role in Okazaki fragment processing, mutation of FEN-1
results in genetic instability at regions of short and long repetitive
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DNA (18, 39). Recently, it has become clear that such regions are
detectable as breaks at the chromosomal level (40). Our data raise
the possibility that increased genetic instability in the absence of
FEN-1 is caused not only by increased generation of double-
strand breaks, but also by compromised repair of these double-
strand breaks.

Even when NHEJ proceeds optimally, the nature of the process
is such that nucleotides are commonly lost at the junction (Fig. 3).
This means that such sites of double-strand DNA breakage always
leave a residual loss of information or “scar” in the genome. It will
be interesting to determine whether the accumulation of such
scars over time can account for pathologic states in multicellular
organisms. Early indications from NHEJ mutants in mice raise
this possibility (16).
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